Removal of unwanted particles from molten metal by flotation is one of the most useful melt cleansing techniques used by the foundry industry. An effective way of flotation of particles in a melt relies on purging a gas into the molten metal through holes in a rotating impeller. Impeller rotation creates turbulence inside the melt, which helps agglomerate the impurity particles and, thereby, enhances their removal from the melt. In addition, turbulence increases the probability of particles attaching to the rising gas bubbles and, therefore, enhances the chance of their removal from the molten metal. A mathematical model has been developed to simulate the turbulent multiphase flow field inside the flotation treatment furnace. Simulations based on the model were used to demonstrate the effect of the various process parameters on the performance of a batch-type rotating impeller particle flotation process.
I. INTRODUCTION
particles caused by turbulence in the flow field. The velocity and turbulence fields, largely, govern the transport of inclu-THE quality of cast products largely depends on effective sions to the bubble surface. treatment of the molten metal prior to casting in order to Historically, the optimization of melt-treatment processes remove unwanted second phases. These unwanted phases relied largely on operator experience, but better understandinclude all exogenous solid particles and liquid phases that ing of the process may be achieved through mathematical may be present above the liquidus temperature of the alloy, modeling and computer simulations. In addition, simulations as well as all gaseous phases dissolved in the melt. When may be used to optimize existing processes, design new present in a cast product, second phases can cause a variety processes, and determine causes and/or corrective actions for of property changes including increase in the modulus of specific problems. However, the rotating impeller flotation elasticity [1, 2] reduction in the fatigue strength [1, [3] [4] [5] and ductiltreatment process is quite difficult to model since it encomity, increase in corrosion rate, [1] and reduction in electrical passes a flow system that consists of multiple, separate, and thermal conductivity. [1, 6] Solid inclusions that exist in yet interacting, phases including a liquid phase (the molten aluminum foundry products can be classified into several alloy), a gaseous phase (the purged gas), and one or more general categories. These include oxides, carbides, intermesolid phases (the inclusion particles). The difficulty of modtallic compounds, and many other exogenous refractory pareling such a system stems from the inability of current ticles. In general, most of these solid inclusions exhibit hardware to handle models that provide a detailed descripcomplex structures and are very hard and brittle. The critical tion of the flow field inside the reactor including the turbusize of solid inclusions that may be tolerated in a casting lence created by the impeller rotation and gas flow, the depends on the end application. In most applications, incluinteraction between the liquid and gas phases, and the sions with particle sizes greater than 10 to 20 m have a dynamics of the colliding particles. In order to simplify drastic effect on the quality of the part. Flotation of these the analysis and make it amenable to solution, previous particles to the surface of the melt in a rotary degasser is simulations of the process focused on the flow field induced an effective method of removing them from molten alloys.
by the injected gas bubbles. [7, 8, 9] For example, Johansen et In this process, a reactive or inert gas, or a combination of al. [10] and Hop et al. [11] in the simulation of a hydro gasboth types of gases, is purged through a rotating impeller into purging unit, modeled the flow field induced by the impeller the liquid metal. Figure 1 shows a typical rotating impeller by using single-phase transport equations. They assumed flotation treatment process. While the gas, in the form of the purged gas, in the form of bubbles, was introduced discrete bubbles, rises to the surface, it encounters the incluinto the computational domain as a dispersed phase, and its sions and carries them to the top slag. The efficiency of trajectory was then tracked using a Lagrangian approach. inclusion removal in a rotary degasser depends on the interThe inclusion removal efficiency was computed based on action between the bubbles and the metal. This interaction the bubble trajectories along with the theory of particle depolargely depends on the flow field inside the melt created by sition onto bubbles. [10, 11] To further simplify the model, the flow of the bubble as well as by the impeller rotation.
Johansen et al. [10] and Hop et al. [11] did not model the reacInclusion removal also depends on the agglomeration of the tor's free surface and, consequently, excluded its effect on the flow field from the analysis. We propose a different approach to modeling and simulat- separate but interdependent subsystems. The first subsystem,
The value of f is unity at any point occupied by one particular phase, say the primary phase, and zero otherwise. The average value of f in a cell would then represent the volume fraction of the cell that is occupied by the primary phase. Thus, the VOF method provides the coarse interface information and requires only one storage word for each computational cell, which is consistent with the storage requirements for all other dependent variables.
A single momentum equation is solved throughout the domain, and the resulting velocity field is shared among the phases.
[15] The momentum equation is dependent on the volume fraction through the phases' volume-fraction-averaged fluid properties, namely, density and viscosity, and , respectively, which implies an interface. These averaged fluid properties are used to monitor the dynamics of the interface. However, when a large discontinuity in properties an exact interface and defining the fluid properties. Thus, instead of solving the density continuity equation directly, the volume fraction of fluid, f, is used to identify the which is the subject of this article, is the turbulent flow field interface. arising from the impeller rotation and bubble flow. Standard
Since turbulence plays a major role in the flotation treatfluid flow and turbulence equations are used in modeling ment process, the momentum equations are modified to this subsystem, and a special computational fluid dynamics describe the effects of turbulent fluctuations of velocity and (CFD) routine that uses an Eulerian multiphase approach scalar quantities using Reynolds' time averaging procedure and tracks the interface between the gas phase and the liquid supplemented by the standard k-turbulence model. Modelphase is employed in the computer simulation. The second ing turbulent flows requires appropriate modeling procesubsystem deals with particle collisions and particle to bubdures to describe the effects of turbulent fluctuations of ble attachment. A model of this subsystem, which is prevelocity and scalar quantities on the basic conservation equasented elsewhere, [12] accepts input from the flow field tions. Many models with varying complexity have been simulation in the form of turbulence dissipation energy and proposed ranging from the simple mixing length model [16] bubble distribution and uses a special particle population to the more sophisticated large eddy simulations. [16, 17] The balance to track the change in particle population with durawidely used k-model [18] provides a compromise between tion of the treatment process. By modeling the two subsysthe two extremes. The k-turbulence model is an eddy tems separately, it is possible to include more complexity viscosity model in which the Reynolds stresses are assumed into the models without prohibitively taxing computer time.
proportional to the mean velocity gradients, with the constant For example, unlike previous models, the current fluid flow of proportionality being the turbulent viscosity, t . model allows possible movement of the melt's free surface and, thus, can reflect any possible vortexing at the melt's surface. In this article, we present the fluid flow model III. SOLUTION PROCEDURE AND and use it to simulate the performance of a batch-process BOUNDARY CONDITIONS rotary degasser.
The fluid-flow pattern, the gas-bubble distribution, and the turbulence dissipation rate in a melt-treatment reactor II. THE MATHEMATICAL MODEL are determined using the model presented in the previous section. The VOF free surface model in a commercial fluidThe Euler-Euler method [13, 14] is used to formulate the dynamics code* is employed in the simulation. Euler method, the different phases are treated mathematically as interpenetrating continua where volume fractions form grid is used throughout the domain; however, the gridnode density is made higher close to the free surface and of all phases are assumed continuous in space and time, and their sum is equal to one. By using the VOF technique, only around the gas inlet region. In an Eulerian mesh, the flux of f moving with the fluid through a cell must be computed. one set of transport equations is needed, and the interface between the phases is defined by transport equations in However, standard finite-difference approximations would lead to smearing of the f function and interfaces would lose which diffusion across the interfaces is not allowed. The use of the VOF technique allows modeling the free boundaries their definition. Fortunately, f being a function with values between zero and one permits the use of a flux approximation between phases. Free boundaries are considered to be free surfaces of the molten metal or interfaces between two fluids, that preserves its discontinuous nature. This approximation is known as a donor-acceptor approximation.
[15]
such as the molten metal and the purging gas in the case of the flotation treatment process. The reason for the free The semi-empirical "wall-function" is used to approximate the shear stress due to the "no-slip" condition at all designation arises from the large difference in the densities of the gas and liquid. In order to represent a free surface or solid surfaces, and the values of k and at the walls are taken as those derived from the assumption of an equilibrium an interface in a two-phase fluid, a function, f, is defined. with a velocity that is defined by specifying the velocity component in the circumferential direction. Whenever symmetry exists, symmetry boundary conditions may be used, in the simulation, as shown in Figure 3 . The process paramei.e., assuming zero flux for all variables across the symmetry ters that most significantly affect the efficiency of a rotary boundary. Figure 2 shows a block diagram of the solution degasser are the purging gas flow rate, the rotation speed procedure.
of the impeller, the duration of gas purging, and the reversal of the direction of impeller rotation. A statistically robust computer experiment that includes these process parameters IV. APPLICATION OF THE MATHEMATICAL as variables was designed and used to optimize a batch rotary MODEL degassing process. The molten metal was an aluminum alloy held at 750 ЊC in an electric furnace, and the purging gas The mathematical formulation outlined in the preceding sections was used to study the fluid-flow behavior inside a was high purity argon. In order to extract the maximum amount of unbiased information from as few simulations holding furnace during flotation treatment. The analysis was performed on a cylindrical furnace 0.6 m in diameter and as possible, a full factorial statistical design technique, the Taguchi method, was used. [19, 20] The experiment matrix was 1-m high. The initial melt depth in the furnace was 0.75 m. Gas was purged into the melt through twelve 20-mm diamebased on an L 8 orthogonal array with two levels at each factor, as shown in Table I . Table II shows the Taguchi L 8 ter side holes distributed evenly around the cylindrical impeller and located midway up its height. The diameter of the layout along with the calculated mean turbulence dissipation rate. The mean values of the turbulence dissipation rate are rotor shaft was 60 mm, the diameter of the cylindrical impeller was 200 mm, and its height was 270 mm. The clearance computed as a volume-weighted average of the turbulence dissipation rate. The volume-weighted average considers the between the impeller bottom and the furnace bottom is 105 mm. A two-dimensional axisymmetric geometry was used cell size differences and, thus, yields an average value that accounts for the spatial distribution of the variable. to simulate the process, and the holes in the impeller were modeled by 20-mm slits. The purged gas was introduced Figure 4 shows the calculated velocity vectors for the reactor with the impeller rotating at 675 rpm and a gas flow into the computational domain outside the holes. In order to reduce the computational complexity and to simulate the rate of 36 L/min at two different purging times. These plots show the characteristic circulation patterns that are expected free surface of the melt, a layer of argon gas was assumed on top of the melt. A 115 ϫ 30 nonuniform grid was used in mechanically stirred melt treatment systems. The velocity vectors near the rotor shaft are the highest in magnitude ensuring good mixing of the melt and enhancing the probabecause of the upward motion of the gas bubbles. Near the bility of interaction between inclusions and gas bubbles. The free surface, the radial component of the velocity becomes average volume fraction of argon gas in this reactor is 0.046. significant at the lower purge time. However, at the higher Figures 8 and 9 show the computed turbulence dissipation purge time, a recirculation zone forms just below the free rate for the conventional and the reverse-rotation flotation surface.
reactors, respectively. These plots show that the turbulence Figure 5 shows the argon gas distribution in the melt dissipation rate is nonuniform in both flotation reactors, treatment furnace at two different gas purge times. The averbeing highest near the impeller and its shaft. However, in age volume fraction of argon gas in the reactor is calculated the reverse-rotation reactor, the higher dissipation rates are to be 0.0431. more spread and cover a larger volume of the furnace than Velocity vectors and gas distributions for a reverse-rotain the traditional reactor. It should be noted that the absolute tion** flotation reactor are shown in Figures 6 and 7 . These values are quite **Reverse rotation in rotary degassing was first introduced by Apogee, Inc. (Pittsburgh, PA).
[21] The impeller rotates clockwise for a predetermined high in comparison to those obtained using only a gas bubble period, then counterclockwise for an equal period. Here, the period was stirring system, e.g., a porous plug or a stationary lance. [22] taken to be 25 s including a 1 s transition time.
The mean values of turbulence dissipation rates are 23.09 m 2 /s 3 in the conventional flotation reactor and 31.51 m 2 /s Analysis of variance (ANOVA) was performed on the particular parameter or an interaction to affect variation in the mean turbulence-energy dissipation rate. Table III shows data in order to identify the effect of each process parameter and each interaction on the variance in the mean turbulencethat for the system modeled, at the levels studied, the process parameter that affects variation in the mean turbulence-enenergy dissipation rate. The procedure for performing ANOVA is detailed elsewhere. [19, 20] Results of the pooled ergy dissipation rate most significantly is the rotation speed. Its relative contribution to the variation is about 74 pct. analysis of variance are shown in Table III . The percent contribution is an indication of the relative influence of a Periodic reversal of the rotation direction also has an effect if the percent contribution due to the error term is high, on the mean turbulence-energy dissipation rate contributing then some important factors were omitted, or computational over 6 pct to the variance. Higher rotation speeds and perierrors were excessive. The percent contribution due to the odic reversal of the rotation direction increase the mean error term in this analysis is about 7 pct, which is acceptable. turbulence-energy dissipation rate. All other process parameters seem to have comparatively insignificant effects on the mean turbulence-energy dissipation rate. The percent V. SUMMARY contribution due to the error term provides an estimate of the adequacy of the experiment. [19, 20] If the error term is A mathematical model for simulating the multiphase flow field inside a rotating impeller flotation unit for removal of low, i.e., 15 pct or less, it is assumed that no important factors were omitted from the design of the experiment and solid inclusion from molten metal has been developed. The model estimates the turbulence-energy dissipation rate and computational errors were insignificant. On the other hand, 
